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INTRODUCTION
With the recent progress in immunosuppression research, small bowel transplantation (SBT) has entered the clinical arena [1] . However, as with other types of organ transplantation, donor shortage is a problem with SBT [2] . One option for solving this problem is to use segmental SBT from a single donor to multiple recipients. Although a human has >5 m of small bowel, only 1 m of transplanted small bowel is required for recipients with short bowel syndrome [3] . Therefore, knowledge of differences in susceptibility to cold preservation injury and subsequent reperfusion injury between the proximal and distal small bowel is important for avoiding primary malfunction. Many factors regarding intestinal function and enzymes have been reported as useful parameters for determining intestinal viability [4] [5] [6] [7] [8] . However, there is no single factor for distinguishing transplant tolerability between the jejunum and the ileum. One reason for this is that despite the fact that the small bowel has barrier functions in addition to digestive and absorptive functions, little is known about changes in barrier function in small bowel grafts as a result of either cold preservation orreperfusion. In this study, to understand the differences in mucosal barrier function between the jejunum and the ileum during early reoxygenation following cold preservation, the epithelial cell functions at rest and upon glucose stimulation and the permeability to To evaluate the potential difference of the grafts during reoxygenation following cold preservation, the graft surfaces were perfused with KHB solution for 20 min. The potential difference at rest (rPD) was then recorded, and the change in the potential difference produced by active glucose uptake from the mucosal to the serosal side, after the addition of 10 mmol/L glucose to the mucosal side, was recorded continuously for 60 min. Permeability studies Fourteen grafts were used for this experiment. Two specimens, one from the jejunum graft and the other from the ileum graft, were mounted simultaneously onto an Ussing chamber and were continuously perfused. Phenolsulfonphtalein (PSP), a small nonabsorbable marker, or radioisotope-labeled polyethyleneglycol (PEG) were used to measure the permeation rate from the mucosal side to the serosal side.
PSP permeation
After a 20-min reoxygenation period, 6 mg PSP were added to the mucosal side chamber and a 0.1-ml aliquot from the mucosal side chamber was immediately removed to determine the initial concentration of PSP on the mucosal side. Subsequently, 1-ml aliquots from the serosal side were removed 30 min after PSP addition on the mucosal side. The absorbance at 450 nm was measured using a U-2000 spectrophotometer (HITACHI, Tokyo), and PSP concentration values were determined according to the manufacturer's manual.
The permeation rate of PSP from the mucosal to the serosal side was determined with the following formula:Permeation rate of PSP (%)=100(PSPserosal) (Ve-serosal)/(PSPmucosal) (Ve-mucosal) where PSPserosal (mg/ml) is the concentration of PSP on the serosal side, PSPmucosal (mg/ml) is the initial concentration of PSP on the mucosal side,Ve-serosal (ml) is the recirculating volume in the serosal side chamber, and Ve-mucosal (ml) is the recirculating volume in the mucosal side chamber.
PEG permeation
After a 20-min reoxygenation period, 1 ml radiolabeled PEG solution was added to the mucosal side chamber. The solution contained 14C-polyethylene glycol (37 kBq/ml), 10 mg unlabeled PEG, and KHB solution to a total volume of 1 ml. After the addition of the radiolabeled PEG solution, a 0.1-ml aliquot from the mucosal side was removed to determine the initial radioactivity at the mucosal side. Subsequently, 0.1-ml aliquots from the serosal side were removed 30 min after addition of radiolabeled PEG solution. Each aliquot was placed into a vial containing liquid scintillation solution (ACS2, Amersham, Tokyo), and radioactivity was measured with a liquid scintillation counter (LSC1000, Aloka, Tokyo).
The permeation rate of PEG from the mucosal side to the serosal side was determined with the following formula:Permeation rate of PEG (%)=100
(PEGserosal) (Ve-serosal)/(PEGmucosal) (Ve-mucosal) where PSPserosal (dpm/ml)=the radioactivity of PEG on the serosal side, PEGmucosal (dpm/ml)=the initial radioactivity of PEG on the mucosal side,Ve-serosal (ml)=the recirculating volume in the serosal side chamber , and Ve-mucosal (ml)=the recirculating volume in the mucosal side chamber.
Histologic examination
Nine grafts were used. Samples were fixed in 10% formalin and stained with hematoxylin and eosin. The grade of tissue injury was determined by light microscopy (magnification X100) according to the criteria described by Park and coworkers [11] 
RESULTS
The time-related rPD during cold preservation
The time-related rPD in the jejunum and in the ileum during cold preservation are shown in Table 1 . There was no significant difference in rPD between the jejunum and the ileum at 0 hr and after 12 hrs of preservation. The rPD of the jejunum was signifi- The time-related PDgs in the jejunum and in the ileum during cold preservation are shown in Table 2 . There was no significant difference in PDgs between the jejunum and the ileum at 0 hr or after 12 hrs of preservation. The PDgs of the jejunum was significantly lower than that of the ileum after 24 hrs of preservation.
The time-related permeation rate of PSP during cold preservation
The time-related 30-min permeation rates of PSP in the jejunum and in the ileum during cold preservation are shown in Table 3 .
There was no significant difference between the permeation rate of PSP in the jejunum and the ileum at 0 hr preservation. However, at both 12 hrs and 24 hrs of preservation, the permeation rate of PSP in the jejunum was significantly higher than that in the ileum.
The time-related permeation rate of PEG during cold preservation
The time-related 30-min permeation rates of PEG in the jejunum and in the ileum during cold preservation are shown in Table 4 . There was no significant difference between the permeation rate of PEG in the jejunum and the ileum at 0 hr or after 12 hrs of preservation. However, after 24 hrs of preservation, the permeation rate of PEG in the jejunum was significantly higher than that in the ileum.
The time-related histologic damage
The time-related histologic damages in the jejunum and in the ileum during cold preservation are shown in Table 5 . There was no significant difference in time-related histologic damage between the jejunum and the ileum at 0 hr, 12 hrs, or 24 hrs of preservation.
DISCUSSION
For successive segmental SBT from a single donor to multiple recipients, correct evaluation of segmental differences between the jejunum and the ileum is indispensable. Since the condition of the small intestine changes drastically from cold preservation to reperfusion, this evaluation should be performed during reoxygenation at the earliest. An intestine that is exposed to preservation and subsequent reperfusion injury at revascularization is most likely damaged, even when the warm and cold ischemic times are short. The characteristic histologic finding during reoxygenation is denuding or destruction of the villi [12, 13] . Villous regeneration takes at least 2 or 3 days [10] .
The mucosal barrier system in the small bowel has three main components: the mucus layer, in which mucin is bound by IgA; the epithelial cell layer; and the interepithelial space, which contains the junction complexes and intraepithelial lymphocytes [14] . The crypt patches and Peyer's patches are also important sites that contain intraepithelial T cell precursors and IgA precursors. In this system, epithelial cells are not only structural components, but also play very important roles in secreting mucin and communicating with adjacent epithelial cells to maintain the junction complexes that induce intraepithelial lymphocytes. Therefore, the morphologic changes that are observed in the small intestine villi during reperfusion may seriously impair mucosal barrier function. When this occurs, unbound antigens adhere easily to the mucosa or may penetrate through the barrier system into the systemic circulation. Such pathogens not only injure the small intestine itself but also play a critical role in the development of serious conditions such as systemic inflammatory response syndrome and bacteremia, which is sometimes fatal [15] . Therefore, the mucosal barrier function of the intestine, rather than the digestive and absorptive functions alone, should be evaluated at an early phase after revascularization or reoxygenation.
In our previous study, the significantly higher permeation rate of PSP and the lower potential difference upon glucose stimulation in the jejunum compared to the ileum were recognized after a 10-min reoxygenation period following 24 hrs cold preservation, and we concluded that the ileum is more resistant than the jejunum to cold preservation injury [16] . However, the histological damage of both the jejunum and the ileum after 24 hrs cold preservation was almost grade 4, which is considered irreversible after transplantation [12] . Therefore, transplantation is necessary to evaluate the difference in tolerability between the jejunum and the ileum. Reperfusion injury begins with lipid peroxydation of the cellular membrane, which occurs within a few seconds after reoxygenation is initiated and continues for several hours [17] ; therefore, in the present study, the potential difference and permeation studies were evaluated at 20 min after reoxygenation instead of 10 min following cold preservation. We evaluated the segmental difference in the rPD. In both the jejunum and the ileum, the decrease of rPD was time-dependent. The rPD is produced by the difference of electrical charge between the mucosal (luminal) side and the serosal side; therefore, the time-related decrease of rPD is considered to be the result of intracellular Na+ accumulation, which was manifested as epithelial edema in the histologic findings described previously [12] . However, physiologically, the rPD of the jejunum is lower than that of the ileum, and the segmental difference between the jejunum and the ileum does not imply impaired viability. We also evaluated the PDgs. The PDgs is regulated by both chemical and physical forces [18] . The chemical force is provided by the Na + gradient across the brush border, which is independent of the intracellular Na + concentration that is maintained at low levels through the action of the Na-K ATPase pump on the basal membrane of epithelial cells. The physical force is provided by the electrical potential of the brush border membrane. Although the brush border transport mechanism is much more efficient than the basal-lateral exit pump, these two forces are not dependent, but cooperative. Therefore, the PDgs measurement results indicate that time-related impairment of epithelial function occurs faster in the jejunum than in the ileum. However, the differences in rPD and PDgs between the jejunum and ileum occurred after 20 min of reoxygenation following 24 hrs of preservation when the histological grades of both the jejunum and ileum were almost grade 4, which is an irreversible state after transplantation.
In measurements using a non-absorbable substance, the permeation rate of PSP (molecular weight, 345) and of PEG 4000 (molecular weight, 4000) in the jejunum was higher than in the ileum after 12 hrs of preservation. The histological grade of the jejunum and ileum after 12 hrs of preservation was either grade 2 or grade 3, which are both considered to be reversible after transplantation [12] . The timerelated segmental difference in permeation rate between PSP and PEG suggests that as the particle size decreases, the permeation rate accelerates. Since physiologically the jejunum, which has aqueous channels approximately 7.5 to 8 angstroms in diameter, is more leaky than the ileum, which has channels 3 to 3.5 angstroms in diameter [19] , the possibility that the jejunum is impaired earlier than the ileum cannot be concluded from our results. However, from the viewpoint of pathogen penetration and translocation, the mucosal barrier of the jejunum is impaired earlier than that of the ileum.
A recent report indicated that the basal-lateral membrane has an important function in the maintenance of junction complexes [20] , which are the essential factors in mucosal barrier function. The observation that the accentuation of small particle permeation occurred earlier than the reduction of potential difference implies that the impairment of basal-lateral membrane function prior to that of brush-border membrane function in the jejunum might occur earlier than in the ileum.
Moreover, in this study, the grafts were evaluated under newly-reoxygenated conditions without chemical or gaseous mediators. In the clinic, grafts are exposed not only to reoxygenation stress but also to subsequent endothelial cell injury, which influences excretion of NO, endothelin secretion, activation of the arachidonic acid cascade, cytokine production, and expression of adhesion molecules [21, 22] . This series of events evoke vasoconstriction, platelet aggregation, and/or neutrophil chemotaxis and activation. Such a graft in the clinical situation is more damaged than the grafts in this experiment; therefore, larger substances that evoke serious systemic injury might penetrate or translocate to the jejunal mucosal layer more readily than to the ileal layer.
CONCLUSION
Based on histologic grade, there was no significant difference between the jejunum and the ileum. However, our functional studies demonstrated that, in the rat small bowel, the ileum is more resistant than the jejunum to cold preservation. Therefore, when preservation time is prolonged, only the ileum should be transplanted.
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